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Abstract
We study heat flux avalanches occurring at the first order transition in La(Fe-Mn-Si)13-H1.65 mag-
netocaloric material. As the transition is associated to the phase boundaries motion that gives rise
to the latent heat, we develop a non equilibrium thermodynamic model. By comparing the model
with experimental calorimetry data available for Mn=0.18, we find the values of the intrinsic kinetic
parameter RL, expressing the damping for the moving boundary interface, at different magnetic fields.
We conclude that by increasing field, thus approaching the critical point, the avalanches increase in
number and their kinetics is slowed down.
1 Introduction
The kinetics underlying the first order ferromag-
netic (FM) to paramagnetic (PM) transitions of
La(Fe-Si)13 and related magnetocaloric materials
is still an open issue [4, 6–8]. Novel aspects about
this feature can be learnt by analyzing heat flux
signals obtained through temperature scans at very
low rates [2,5]. Indeed, the low scan rate allows to
distinguish single heat flux avalanches associated
to the microscopic individual processes occurring
during the phase transition. Then, the characteris-
tic times governing the behaviour of the avalanches
are also those determining the kinetics of the tran-
sition. In particular, these indications may help to
further improve the working frequency of magnetic
refrigerators [7].
We develop a model, based on the non equi-
librium thermodynamic theory of linear systems
[3], in which the kinetics of first order transitions
is related to the FM–PM phase boundaries mo-
tion. The model allows to describe single heat
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flux avalanches through an intrinsic kinetic param-
eter RL relating the change in latent heat to the
difference between the transition temperature Tt
and the sample temperature Ts (Sec. 2). We use
experimental data provided by Peltier calorime-
try under magnetic field performed at 1 mK/s rate
on LaFe11.60Mn0.18Si1.22-H1.65 compounds [1]. In
Sec. 3 we present the results of the comparison be-
tween the model and the experimental data, while
in Sec. 4 we discuss them.
2 Thermodynamic theory of
heat flux avalanches
We will describe the first order phase transition of
the system as due to the motion of the boundaries
between the FM and PM states. We assume these
boundaries to be ideally thin interfaces character-
ized by a position x(t), changing in time, and a
surface area A. When the transition starts, the nu-
cleation of the interface occurs at a temperature dif-
ferent from the equilibrium transition temperature
Tt because of the presence of local defects. There-
fore, when transforming in heating from the FM to
the PM phase, or viceversa in cooling from PM to
FM, the nucleation event will be characterized by
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a critical temperature value Th higher or Tc lower
than Tt, respectively. The qualitative behaviour of
the resulting path representing the sample temper-
ature Ts close to the transition region is sketched
in Figure 1.
With the above assumptions, the enthalpy
change rate dUL/ dt, due to the motion of the full
phase boundary interface, is given by
dUL
dt
= ∆uLA
dx
dt
(1)
where ∆uL is the enthalpy change per unit volume,
representing the latent heat of the system.
To relate the velocity of the phase boundary in-
terface dx/ dt, appearing in Eq. (1), to the thermo-
dynamic forces bringing the system back to equi-
librium we employ the non equilibrium thermody-
namic theory of linear systems [3]. The fact that
the transition may occur at temperature Ts 6= Tt
implies that the enthalpy variation dUL is written
as dUL = Ts (dS − σs dt), where σs is the entropy
production rate, which is a definite positive term.
Since the enthalpy change is also related to the en-
tropy change dS by dUL = Tt dS, we obtain the
following expression for σs:
σs =
(
1
Tt
− 1
Ts
)
dUL
dt
. (2)
Eq. (2) states that the entropy production rate is
the product of a distance-like term, i.e. 1/Tt−1/Ts,
and of a velocity-like term, i.e. dUL/ dt. The for-
mer represents how far from equilibrium the sys-
tem is, while the latter describes the velocity of
the process. Since we are considering that Ts is
close enough to Tt, we can safely assume that the
displacement and the velocity terms are linked by
a linear relation, obtaining this way the following
equation:
dUL
dt
=αsAT
2
t
(
1
Tt
− 1
Ts
)
' αsA (Ts − Tt) = 1
RL
(Ts − Tt) . (3)
In Eq. (3), the last equality is justified by the as-
sumption Ts ' Tt, the proportionality coefficient
αs is expressed in units W K−1 m−2 and the intrin-
sic kinetic parameter RL = (αsA)
−1, which has the
units of a thermal resistance, expresses the pres-
ence of damping processes for the phase boundary
interface. By comparing Eq. (3) with Eq. (1) we
can derive an expression for the velocity of the in-
terface as: dx/ dt = αsT 2t (1/Tt − 1/Ts) /∆uL '
αs (Ts − Tt) /∆uL.
The total enthalpy of the magnetocaloric mate-
rial is the sum of the contributions from the la-
tent heat, UL, and from the specific heat, UC:
Ue = UC + UL. The contribution from the specific
heat is taken as:
dUC
dt
= Cs
dTs
dt
(4)
where Cs is the heat capacity of the region over
which the transition takes place.
By means of Eq. (3) and Eq. (4), we have an
expression of the heat flux qs exchanged with the
surroundings: qs = dUC/ dt + dUL/ dt. The time
behaviour of qs is obtained by adding the effect of
the measuring setup which is in contact with the
material. A quasi-isothermal setup can be thought
as a thermal bath at temperature Tb in contact with
the sample at temperature Ts by a thermal resis-
tance Rs. The heat qs(t) is then given by
qs(t) =
Tb(t)− Ts(t)
Rs
. (5)
By defining t0 as the time at which the transition
starts and t1 as the time at which it ends, from
Eqs. (3), (4), (5) we obtain the following couple of
differential equations for Ts(t):
Cs
dTs
dt
=
Tb(t)− Ts(t)
Rs
− Ts(t)− Tt
RL
for t0 ≤ t ≤ t1
Cs
dTs
dt
=
Tb(t)− Ts(t)
Rs
for t > t1.
(6)
For an heating process, the t0 ≤ t ≤ t1 regime
describes the behaviour of the sample when it is
absorbing the latent heat due to the phase bound-
ary motion and the temperature Ts decreases with
respect to Tb. The t > t1 regime describes instead
what happens at the system when the transition is
ended and Ts relaxes towards Tb.
We have solved Eq. (6) in the case of a constant
Tb, which is an assumption justified when deal-
ing with temperature scans performed at very low
rates. By assuming Tb = Ts for t ≤ t0 and since at
t = t0, when the transition begins, the sample tem-
perature Ts reaches the threshold Th, the constant
2
Figure 1: Sketched behaviour of temperature
Ts in systems with first order transition and
moving phase boundary position x. Th, Tc, Tt
are the heating, cooling and equilibrium tem-
peratures, respectively.
µ0H τs ∆Thys ∆Thys/(2τsRL) RL
(T) (s) (K) (×10−3 W/s) (K/W)
0 1.22 0.9 6.11 60
0.5 2.95 0.6 1.10 134
1 2.78 0.4 0.56 129
1.4 2.44 0.3 0.28 215
Table 1: Values of the parameters τs,
∆Thys/ (2τsRL) and RL, appearing in Eq. (8), at
different magnetic fields µ0H. Experimental values
of ∆Thys obtained from Ref. [1].
Tb value for an heating process is Tb = Tb(t0) = Th.
Moreover, we have that also the initial conditions
T0 = Ts(t0) = Th and T1 = Ts(t1) hold. The solu-
tion qs(t) for an individual avalanche is:
qs(t) =

Th − Tt
Rs +RL
(
1− e−
t−t0
τSL
)
for t0 ≤ t ≤ t1
qs1e
− t−t1τs for t > t1
(7)
where qs1 = qs(t1) is a constant factor. The
time constants appearing in Eq. (7) are defined
as τSL = (1/τS + 1/τL)
−1, τS = CsRs and τL =
CsRL. It is worth noting that Figure 2 shows
that the growth part of an individual avalanche,
being linear, is completed in a time t1 − t0 much
shorter than the time constant τSL. Hence, we
can approximate Eq. (7) by using the expansion
1 − exp [− (t− t0) /τSL] ' (t− t0) /τSL, valid for
t − t0 ≤ t1 − t0  τSL. Furthermore, we observe
that the time constant τSL, being the parallel of the
time constants τS , τL, is dominated by the smaller
one between τS and τL.
3 Comparison with experi-
ments
Figure 2 shows the heat flux qs measured by Peltier
calorimetry on a LaFe11.60Mn0.18Si1.22-H1.65 frag-
ment of mass m = 4.79 mg, close to the transition,
as a function of time t. The experimental data re-
fer to heating scans performed at 1 mK/s rate at
increasing applied magnetic field H. It is clear the
presence of subsequent heat flux avalanches increas-
ing in number by increasing H. Each avalanche
is characterized by an initial linear growth and an
exponential decay whose slope and time constant
change with the field. In particular, as soon as H is
getting closer to the critical field µ0Hc ∼ 2.2 T (µ0
being the vacuum permeability) the transition be-
comes more and more of second order type [1] and
the avalanches start to be less clearly distinguish-
able from the background signal. The avalanches
are related to the presence of latent heat, while the
background is due to the reversible part of the spe-
cific heat of the system.
From the values of the resistivity of the sil-
ver varnish employed to contact the sample with
the Peltier cell (2.5× 103 W K−1 m−2) and of the
contact area surface (∼ 1 mm2), we have Rs '
400 K/W. By comparing the model with the exper-
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Figure 2: Experimental (black solid lines) and mod-
elled (dotted red lines) behaviour of heat flux qs vs.
t at different applied fieldsH, close to the first order
transition. Measurements performed in heating, at
1 mK/s rate, on a sample of mass m = 4.79 mg
through Peltier calorimetry under magnetic field.
Model curves obtained through Eq. (8) with the
parameters values reported in Table 1. Inset shows
the intrinsic kinetic parameter RL of Eq. (3) at var-
ious H.
imental data we have found RL < Rs (see Table 1),
so we can safely assume τL < τS , so that τSL ' τL
and Rs +RL ' Rs.
By using the above observations, Eq. (7) takes
the simpler form:
qs(t) =

Th − Tt
τLRs
(t− t0) = ∆Thys
2τsRL
(t− t0)
for t0 ≤ t ≤ t1
qs1e
− t−t1τs for t > t1
(8)
where we have used the approximation Th − Tt ≈
∆Thys/2, with ∆Thys = Th − Tc.
Eq. (8) contains the free parameters τs and
∆Thys/ (2τsRL) that we have determined by com-
parison with the experimental data, trying to repro-
duce the qualitative behaviour of the avalanches.
The result of the comparison is shown in Figure 2.
The key observation is that the initial growth and
decay times, t0 and t1, have been chosen by con-
catenating subsequent individual avalanches char-
acterized, for every fixed value of H, by the same
slope ∆Thys/ (2τsRL) and the same time constant
τs. The values of these parameters, together with
those of ∆Thys(H) and RL, are reported in Table 1.
RL values for differentH are shown also in the inset
of Figure 2.
4 Conclusions
We have applied the non equilibrium thermody-
namic theory of linear systems to describe the
heat flux avalanches observed by Peltier calorime-
try temperature scans at low rates around the tran-
sition temperature of LaFe11.60Mn0.18Si1.22-H1.65
magnetocaloric material. We have found that a
single avalanche shows an initial linear growth, de-
scribing the magnetic sample during the transition,
and a subsequent exponential decay, correspond-
ing to the system relaxation towards equilibrium.
The decay behaviour is governed by a time con-
stant τs ' 1–2 s increasing with the applied field H
and related only to the contact between the mea-
suring setup and the sample. The growth depends
instead on the intrinsic kinetic parameter RL intro-
duced to describe the damping of the phase bound-
aries motion. Although we have analyzed only few
experimental avalanches, the values of RL show in-
deed that the kinetic coefficient increases with H,
indicating that the kinetics is slowed down by ap-
proaching the critical point of the transition. A
detailed estimate of the value of the time constant
τL associated to RL strictly depends on the typical
length scales involving the sample region undergo-
ing the transition and will be the subject of future
work. Future investigations shall be also dedicated
to understand how these outcomes may influence
the operational frequency of magnetocaloric-based
devices.
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